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Summary
Objective: To determine the validity of varusevalgus motion as a measure of knee joint stability by establishing the relationship of varuse
valgus motion with muscle strength, joint proprioception, joint laxity and skeletal alignment in patients with knee osteoarthritis (OA).
Methods: Sixty-three patients with OA of the knee were tested. Varusevalgus motion was determined with a video-based optoelectronic gait
analysis system. Muscle strength was measured using a computer-driven isokinetic dynamometer. Proprioceptive acuity was assessed by
establishing the joint motion detection threshold in the anterioreposterior direction. Laxity was assessed using a device which measures
the passive angular deviation of the knee in the frontal plane. Alignment was assessed using a goniometer. Regression analyses were
performed to assess the relationship between varusevalgus motion, muscle strength, joint proprioception, joint laxity and skeletal alignment.
Result: Varusevalgus motion was not related to muscle strength, joint proprioception, joint laxity and skeletal alignment.
Conclusions: Knee joint stability cannot be measured as varusevalgus motion. Rather, a number of independent factors seem to contribute to
the process of stabilization of the knee joint.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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In patients with knee osteoarthritis (OA) there is an increas-
ing attention for the role of biomechanical processes in daily
physical functioning. In particular, stability of the knee joint
has been a focus of research1,2.
Stability of the knee is deﬁned as the ability of the joint to
maintain a position or to control movement under differing
external loads. It is supposed that stability is provided by
the active neuromuscular system (muscle strength and
proprioception) and by passive restraint (ligaments and cap-
sule)3,4. It is hypothesized that muscle weakness, poor pro-
prioception, laxity (i.e., inadequate passive restraint) and
malalignment result in instability. However, so far no ade-
quate measure of knee joint stability has been identiﬁed. A
possible measure of stability of the knee is the varusevalgus
motion during walking. In a normal gait pattern there is*Address correspondence and reprint requests to: Dr M. van der
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522minimal varusevalgus motion4. Therefore, the presence of
excessive varusevalgus motion of the knee during walking
might be a measure of instability of the joint. If shown valid,
this measure could be used as an objective clinical measure
of instability of the knee joint in OA.
The aim of the study is to determine the validity of varuse
valgusmotion asameasure of knee joint stability by establish-
ing the relationship of varusevalgus motion with variables
which determine stability of the knee, i.e., muscle strength,
joint proprioception, joint laxity and skeletal alignment.Patients and methodsPATIENTSSixty-three patients diagnosed with OA of the knee were included in the
study. Inclusion criteria were OA of the knee (uni- or bilateral) according to
the clinical criteria of the American College of Rheumatology5, and age
between 40 and 85 years. Exclusion criteria were poly-arthritis, presence of
rheumatoid arthritis or other systemic inﬂammatory arthropathies, knee sur-
gery within the last 12 months or a history of knee arthroplastic surgery, intra-
articular corticosteroid injections into either knee within the previous 3months,
and/or inability to understand the Dutch language. All patients provided written
informed consent. The study was approved by the human research ethics
committee of the VU University Medical Center in Amsterdam.
Fig. 1. The loading response phase of the right leg (A). VV-ROM is
measured during the loading response phase of the gait cycle.
VV-ROM is the angle (a) between peak excursion in varus direction
and peak excursion in valgus direction during the loading response
phase.
Fig. 2. The midstance phase of the right leg (B). VVP is measured
at midstance of the gait cycle. Varus position is the angle (b) be-
tween the varus excursion of the knee at midstance and the posi-
tion of the knee at the start of measurement. Valgus position is
the angle (g) between the valgus excursion of the knee at mid-
stance and the position of the knee at the start of measurement.
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Patients visited the laboratory twice within the same week. During the ﬁrst
visit, patients’ muscle strength, joint proprioception, joint laxity and knee
alignment were tested. The second visit consisted of a three-dimensional
(3D) gait analysis.
Demographics
A series of demographic variables were obtained including age, gender,
height, weight and duration of complaints.
Gait analysis
An Optotrak motion analysis system (model 3020, Northern Digital Inc.,
Waterloo, Ontario, Canada) recorded the 3D position of light emitting diode
(LED) markers in order to assess varusevalgus motion. 3D ground reaction
force was synchronously recorded using a 51 46.5 cm force plate (AMTI,
Watertown, MA, USA). An open source Matlab software program BodyMech
(www.bodymech.nl) was used to reconstruct the anatomical axes and, from
that, 3D knee motion and loading data6. Varusevalgus knee motion resulted
from decomposing knee motion using a ﬂexionevaruseexorotation sequence.
To describe skeletal movement, body segments were considered as rigid
bodies (lower leg, thigh, pelvis and trunk) with a local coordinate system
deﬁned to coincide with a set of anatomical axes. The limb segments were
determined by anatomical landmarks: greater trochanter, medial and lateral
femur condyl, medial tibia condyl, caput ﬁbulae, lateral and medial malleolus,
superior anterior and posterior iliac crest, acromion, spinal process Th8 and
xiphoid process. A cluster of three surface infrared LEDs was secured to six
body segments (lower leg 2, the thigh 2, the sacrum and the spinal pro-
cess C7). The 3D position of each LED was sampled with a frequency of
50 Hz. Using these LED positions, data collection of knee varusevalgus
motion started when the foot reached the force plate (i.e., initial contact)
and continued until the foot left the force plate. These data produced a verti-
cal ground reaction force curve and a curve presenting the varusevalgus
position (VVP) in time.
The ground reaction force curve presents itself as an M shape curve, from
which the loading response phase (i.e., from zero to the ﬁrst peak) andmidstance (i.e., the lowest point of the M shape in between two peaks)
were determined. These two parts of the ground reaction force curve were
used to determine (1) the knee varusevalgus range of motion (VV-ROM)
(see Fig. 1) and (2) the VVP (see Fig. 2).
VV-ROMof the knee wasmeasured from initial ﬂoor contact to the instance
in which maximum ground reaction force was recorded (i.e., loading response
phase). The movement of the knee in varusevalgus direction was assessed.
The difference between the peak excursion in varus direction and the peak
excursion in valgus direction reﬂects VV-ROM (in degrees). The position of
the knee was measured in midstance. Midstance is the instance in which
the other foot has been lifted, the body weight has been aligned over the fore-
foot and the knee is extended. The knee position in the varus or valgus direc-
tion was obtained by comparing the position of the knee in midstance with the
position of the knee at the start of measurement (anatomical posture, prior to
walking). Midstance-VVP was expressed in degrees.
All subjects were instructed to walk at a self-selected normal speed along
an 8 m walkway. They practiced until they could consistently and naturally
make contact with the force plate. In order to achieve a natural gait pattern,
subjects were not informed of the need to contact the force plate. The mea-
surement of varusevalgus motion began with some steps before the force
plate, to obtain a ﬂuent walking pattern, and stopped a few steps after leaving
the force plate. Three acceptable trials were obtained for each knee and av-
eraged to yield representative values of VV-ROM and midstance-VVP. The
mean in degrees for VV-ROM and midstance-VVP of the right and left knees,
separately, obtained from these three measurements was used for analysis.
The measurements of muscle strength, joint proprioception, joint laxity
and skeletal alignment have been described in previous studies7e9. Muscle
strength was measured isokinetically. Joint proprioception was measured as
the detection sense of joint movement. Joint laxity was measured as the total
movement in the varusevalgus direction in an unloaded situation. Skeletal
alignment was measured by goniometer in an unloaded situation and
expressed as the VVP of the knee.
Radiography
Radiographs of the knee were scored in a blinded fashion by an experi-
enced radiologist using the grading scales proposed by Kellgren & Lawrence
(K&L). Weight-bearing, anteroposterior radiographs of the knee joints were
obtained following the Buckland-Wright protocol10.
Table I
Characteristics of patients with knee OA (N¼ 63)
MeanSD Range n (%)
Sex (female) 48 (76%)
Age (years) 60 7.5 45e79
BMI (kg/m2) 30.2 6.5 22.4e56.6
VV-ROM (()
Left knee 3.49 1.72 0.38e8.01
Right knee 2.98 1.74 0.75e8.21
VVP (midstance-VVP) (()
Left knee 3.02 1.79 2.84e7.16
Right knee 1.37 2.72 6.39e6.12
Isokinetic quadriceps strength (Nm/kg)
Left knee 0.97 0.61 0.08e2.78
Right knee 1.02 0.59 0.09e2.66
Isokinetic hamstrings strength (Nm/kg)
Left knee 0.65 0.34 0.04e1.54
Right knee 0.69 0.35 0.08e1.90
Proprioception (()
Left knee 4.76 3.44 0.90e19.43
Right knee 5.14 3.14 1.33e16.50
Laxity (()
Left knee 7.34 2.96 2.40e15.0
Right knee 7.81 3.52 1.90e17.90
Varusevalgus alignment
(no. of knees)
Left knee (n¼ 63)
Varus 9
Valgus 27
Neutral 27
Right knee (n¼ 63)
Varus 8
Valgus 29
Neutral 26
K&L grade (no. of knees)
Right knee (n¼ 62)
Grade 1 45 (71%)
Grade 2 10 (16%)
Grade 3 6 (11%)
Grade 4 1 (2%)
Left knee (n¼ 63)
Grade 0 2 (3%)
Grade 1 39 (62%)
Grade 2 9 (14%)
Grade 3 11 (18%)
Grade 4 2 (3%)
Table I
Results of the regression analysis of varusevalgus motion (VV-ROM* and
oception, joint laxity and skele
VV-ROM
Variables by (SEE)z P
Intercept 3.51 (0.73)
Muscle strength (Nm/kg) 0.18 (0.20)
Joint proprioception (() 0.01 (0.05)
Joint laxity (() 0.02 (0.05)
Skeletal alignment 0.02 (0.03)
R2¼ 0.01; F¼ 0.392; P¼ 0.8
*The VV-ROM in the loading response phase.
yb¼ unstandardized regression coefﬁcient.
zSEE¼ standard error of the estimate.
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All analyses were performed at the level of the knee. In a previous study
the variance between patients and within patients (i.e., between knees) was
calculated9. It was found that of the total variance in VV-ROM, 42% occurred
between patients and 58% occurred between knees within patients. Like-
wise, the variance in midstance-VVP occurred in 19% between patients
and in 81% between knees within patients. This meant that with regard to
VV-ROM and VVP, left and right knees within patients are relatively indepen-
dent of each other. Therefore, for the present study in which all variables
were measured at the knee level, it was decided to analyze at the level of
the knee.
Pearson correlations were calculated to determine the bivariate relation-
ships between VV-ROM andmidstance-VVP and muscle strength, joint propri-
oception, joint laxity and skeletal alignment. A positive correlation indicates that
an increase in VV-ROM and midstance-VVP is associated with an increase in
muscle strength, joint proprioception, joint laxity and skeletal alignment.
Regression analyses were used to determine predictors of knee VV-ROM
and midstance-VVP. To reduce the number of predictors, a regression anal-
ysis was carried out with the predictors’ muscle strength, joint proprioception,
joint laxity and skeletal alignment, using a backward selection method.
A liberal level of signiﬁcance of 0.05 was used, in order not to miss predictors
that might turn out to be important in the ﬁnal model.
Analyses were performed using SPSS for Windows 14.0 (SPSS Inc.,
Chicago, IL, USA).Results
Characteristics of the study sample are listed in Table I.
In left knees, the VV-ROM was 3.49 1.72 and in right
knees 2.98 1.74. Midstance-VVP in left knees was
3.02 1.79 and in right knees 1.37 2.72.RELATIONSHIPS BETWEEN VV-ROM AND MUSCLE
STRENGTH, JOINT PROPRIOCEPTION, JOINT LAXITY
AND SKELETAL ALIGNMENTVV-ROM was not correlated with muscle strength
(r¼0.09, P¼ 0.299), joint proprioception (r¼ 0.01,
P¼ 0.956), joint laxity (r¼ 0.07,P¼ 0.453) andskeletal align-
ment (r¼ 0.04, P¼ 0.635). The analyses were repeated in
separate subgroups of patients with varus knees, patients
with valgus knees and patients with neutral knees: these
analyses yielded similar results (not shown).Multivariate rela-
tionships between VV-ROM, muscle strength, joint proprio-
ception, joint laxity and skeletal alignment showed no
signiﬁcant regression coefﬁcients (Table II).RELATIONSHIPS BETWEEN MIDSTANCE-VVP AND MUSCLE
STRENGTH, JOINT PROPRIOCEPTION, JOINT LAXITY AND
SKELETAL ALIGNMENTMidstance-VVP was not correlated with muscle strength
(r¼0.11, P¼ 0.229), joint proprioception (r¼0.02,I
midstance-VVP) at the knee level on muscle strength, joint propri-
tal alignment (N¼ 126)
Midstance-VVP
-value b (SEE) P-value
3.36 (1.02)
0.368 0.39 (0.27) 0.154
0.778 0.05 (0.07) 0.513
0.756 0.02 (0.07) 0.805
0.598 0.06 (0.04) 0.171
14 R2¼ 0.03; F¼ 0.951; P¼ 0.437
525Osteoarthritis and Cartilage Vol. 16, No. 4P¼0.818), joint laxity (r¼ 0.04, P¼ 0.705) and skeletal
alignment (r¼ 0.11, P¼ 0.208). The analyses were re-
peated in separate subgroups of patients with varus knees,
patients with valgus knees and patients with neutral knees:
these analyses yielded similar results (not shown). Multivar-
iate relationships betweenmidstance-VVP, muscle strength,
joint proprioception, joint laxity and skeletal alignment
showed no signiﬁcant regression coefﬁcients (Table II).
All analyses were repeated in a more extensive multi-
level model, which included at the patient-level controlling
variables age, gender, body mass index (BMI) and severity
of OA. The results of those analyses were consistent with
the results reported here.
Discussion
The results show that varusevalgus motion is not depen-
dent on muscle strength, joint proprioception, joint laxity and
skeletal alignment. This suggests that varusevalgus motion
is not a valid measure of joint stability.
To our knowledge, this is the ﬁrst study that has explored
varusevalgus motion in different phases of the gait cycle
with the aim to operationalize knee joint stability. Within
a biomechanical model of joint stability it was hypothesized
that excessive varusevalgus motion measures knee joint
instability. However, no relationship was found between
varusevalgus motion and biomechanical variables respon-
sible for joint stability, i.e., muscle strength, joint propriocep-
tion, joint laxity and skeletal alignment. When these
variables were considered together in the same regression
model no associations were found with varusevalgus mo-
tion. As a consequence, VV-ROM and midstance-VVP can-
not be considered as adequate representations of stability.
Stability of the knee joint is dependent on the passive
restraint system (ligaments and capsule) and the active
neuromuscular system (muscle strength and proprioception).
Passive restraint was assessed as joint laxity. The contribu-
tion of the active neuromuscular system was assessed
through measures of muscle strength and proprioception.
The present study shows that varusevalgus motion is not
related to laxity, muscle strength or proprioception. Appar-
ently, varusevalgus motion is an independent aspect of joint
stability. Joint stability should be regarded a process, involv-
ing a number of independent factors. Laxity, muscle strength,
proprioception and varusevalgus motion are to be seen as
independent factors, which all contribute to stabilization of
the knee joint.
A possible explanation for not ﬁnding relationships might
be lack of statistical power. However, for a total of 126
knees, a correlation coefﬁcient of 0.18 is already signiﬁ-
cant11. For regression analyses it is generally accepted
that at least 10 subjects should be studied per independent
variable. In our study on 126 knees, four independent vari-
ables were included in regression analyses. Therefore, it is
unlikely that lack of statistical power was the reason for our
results.
This study has several limitations. Some patients had
a BMI over 30 and this could have inﬂuenced the 3D posi-
tion of each LED on the anatomical landmarks of the upper
and lower leg. Another limitation is the lack of measurementof compensating mechanisms responsible for movement of
the knee, such as trunk movements12, movements of the
hip and ankle13 and reduced walking speed14. Future re-
search could examine the effect of different compensating
mechanisms, particularly the effect of walking speed on
varusevalgus motion of the OA knee.
Our results may have clinical implications. The results in-
dicate that varusevalgus motion is not a good measure of
joint instability of the knee in OA. Instead, the evaluation
of joint stability should be based on several independent
factors, i.e., muscle strength, laxity, proprioception, and
varusevalgus motion. Furthermore, the improvement of
muscle strength, proprioception accuracy or the restriction
of varusevalgus motion during walking may improve joint
stability in knee OA patients.
In conclusion, knee joint stability cannot be measured as
varusevalgus motion. Rather, a number of independent
factors seem to contribute to the process of stabilization of
the knee joint.References
1. Fitzgerald GK, Piva SR, Irrgang JJ. Reports of joint instability in knee
osteoarthritis: its prevalence and relationship to physical function.
Arthritis Rheum 2004;51:941e6.
2. Lewek MD, Ramsey DK, Snyder-Mackler L, Rudolph KS. Knee stabiliza-
tion in patients with medial compartment knee osteoarthritis. Arthritis
Rheum 2005;52:2845e53.
3. Schipplein OD, Andriacchi TP. Interaction between active and passive
knee stabilizers during level walking. J Orthop Res 1991;9:113e9.
4. Perry J. Gait Analysis: Normal and Pathological Function. Thorofare
(NJ): SLACK; 1992.
5. The American College of Rheumatology Subcommittee on Osteoarthri-
tis Guidelines. Recommendations for the medical management of
osteoarthritis of the hip and knee. 2000 update. Arthritis Rheum
2000;43:1905e15.
6. Harlaar J, Doorenbosch CA. 3D kinematic analysis by BodyMech: a Mat-
lab based open source software package for research and education.
In: Proceedings of the Ninth International Symposium on the 3D
Analysis of Human Movement, June 28e30, 2006, Valenciennes.
7. Esch van der M, Steultjens PMP, Knol D, Dinant H, Dekker J. Joint laxity
modiﬁes the relationship between muscle strength and disability in
patients with osteoarthritis of the knee. Arthritis Rheum 2006;55:
953e9.
8. Van der Esch M, Steultjens MPM, Harlaar J, Knol DL, Lems W,
Dekker J. Joint proprioception, muscle strength and functional ability
in patients with osteoarthritis of the knee. Arthritis Rheum 2007;57:
787e93.
9. Esch van der M, Steultjens M, Harlaar J, Wolterbeek N, Knol D, Dekker
J. Varusevalgus motion and functional ability in patients with osteoar-
thritis of the knee, Ann Rheum Dis, submitted for publication.
10. Buckland-Wright JC, Bird CF, Ritter-Hrncirik CA, Cline GA, Tonkin C,
Hangartner TN, et al. X-ray technologists’ reproducibility from auto-
mated measurements of the medial tibiofemoral joint space width in
knee osteoarthritis for a multicenter, multinational clinical trial. J Rheu-
matol 2003;30:329e38.
11. AltmanDG. Practical Statistics forMedical Research. London: Chapman&
Hall/CRC; 1999.
12. Mu¨ndermann A, Dyrby CO, Andriacchi TP. Secondary gait changes in
patients with medial compartment knee osteoarthritis. Arthritis Rheum
2005;52:2835e44.
13. McGibbon CA, Krebs DE. Compensatory gait mechanics in patients with
unilateral knee arthritis. J Rheumatol 2002;29:2410e9.
14. Mu¨ndermann A, Dyrby CO, Hurwitz DE, Sharma L, Andriacchi TP.
Potential strategies to reduce medial compartment loading in pa-
tients with knee osteoarthritis of varying severity: reduced walking
speed. Arthritis Rheum 2004;50:1172e8 [Erratum Arthritis Rheum
2004:50;4073].
